Abstract: Addition of pinacolborane (HBO 2 C 2 Me 4 ) to 2-iodoaniline can be catalyzed using a number of palladium complexes, including [(t-Bu) 2 PCl] 2 PdCl 2 (PXPd), to give the corresponding boronate ester 2-H 2 NC 6 H 4 (BO 2 C 2 Me 4 ) in excellent yields. The PXPd system could also be used in the catalyzed borylation of substituted anilines to give the corresponding aminoboronate esters in moderate to high yields.
Introduction
Compounds containing boronic acids (RB(OH) 2 ) or boronate esters (RB(OR') 2 ) have received considerable attention in catalyzed carbon-carbon bond formation reactions [1] , solid-phase synthesis [2] , macrocyclic chemistry [3] , organometallic and organic synthesis [4] , and as glucose sensors for diabetes therapy [5] . Interest in these compounds also arises from their potent biological activities [6] . Traditionally, arylboron compounds have been prepared by the transmetalation between aryllithium or -magnesium reagents and boron compounds that have good leaving groups such as alkoxy moieties [7] . In recent years, however, the use of palladium catalyzed borylations has proven to be a more convenient procedure for preparing arylboronate esters [8] . While reactive functional groups such as primary amines have proven problematic, elegant studies by Baudoin and co-workers [8b] have shown that 2-bromoaniline can be converted into the corresponding ortho boronate ester in good yields by addition of pinacolborane (HBpin, pin = O 2 C 2 Me 4 ) using a palladium catalyst system containing the monodentate phosphine ligand 2-(dicyclohexylphosphino)biphenyl (DCPB). Optimal yields for these reactions have been reported using dioxane as the solvent. Our interest in generating aminoboron compounds, along with the importance of these compounds in organic synthesis, prompted us to examine alternate routes to boronated aniline derivatives. 
Experimental Procedure

Materials and measurements
Reagents and solvents were purchased from Aldrich Chemicals. NMR spectra were recorded on a JEOL JNM-GSX270 FT spectrometer. . Melting points were measured uncorrected with a Mel-Temp apparatus. GC-MS analyses were conducted using a Varian Saturn 2000 GC/MS/MS coupled to a CP-3800 GC. The GC was equipped with the 1177 injection port connected to a SPB-1 (Supelco) fused silica column (30 m×0.25 mm i.d.×0.25 μm). The GC-MS spectrometer is controlled by the Saturn Workstation software, Version 5.51. Microanalyses for C, H, and N were carried out at Guelph Chemical Laboratories (Guelph, Ontario). Imines and the corresponding benzylamines were synthesized as reported previously [9] .
Synthesis
Under an atmosphere of dinitrogen, a 1 mL toluene solution of pinacolborane (380 mg, 3.00 mmol) was added to a stirred 4 mL toluene solution of the appropriate iodoaniline (1.00 mmol), triethylamine (400 mg, 4.00 mmol), and PXPd (12 mg, 0.02 mmol). The mixture was heated at reflux for 2 h. Following the addition of a 5 mL saturated aqueous solution of NH 4 Cl, the aqueous phase was extracted with three 10 mL portions of Et 2 
N-(4-Fluorobenzyl)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzenamine
X-ray crystallography
Crystals of 2-APBpin suitable for an X-ray diffraction study were grown from a saturated hexane solution at 5 o C. Single crystals were coated with Paratone-N oil, mounted using a glass fibre and frozen in the cold stream of the goniometer. A hemisphere of data were collected on a Bruker AXS P4/SMART 1000 diffractometer using w and q scans with a scan width of 0.3 o and exposure time of 10 s. The detector distance was 5 cm. The data were reduced [10a] and corrected for absorption [10b] . The structures were solved by direct methods and refined by full-matrix least squares on F 2 [10c]. All nonhydrogen atoms were refined anisotropically. Hydrogen atoms were found in Fourier difference maps and refined isotropically. Fig. 1b) are efficient catalysts for the Suzuki-Miyaura cross coupling of aryl chlorides. These compounds have also shown recent utility as catalysts in a number of reactions [12] including the NaOH-promoted cross-coupling of arylsiloxanes with aryl chlorides and bromides in water [12a]. We have found that reactions of commercially-available 2-iodoaniline with HBpin using these catalyst systems, without additional phosphine ligands, also gave good yields of the boroncontaining aniline derivative 2-(4,4,5,5-tetramethyl-[1,3,2]-dioxaborolan-2-yl)phenylamine (2-APBpin) ( Table 1 , entries 4 & 6, respectively) [8b,d]. As seen in the seminal work by Baudoin and co-workers [8b], optimal yields were achieved using 3 equivalents of HBpin and 4 equivalents of triethylamine as the base. The synthesis of aminoboron derivatives is of singular interest, as these compounds are remarkably potent enzyme inhibitors [6j] and many have been investigated extensively for their application in boron neutron capture therapy [6c]. The formation of 2-APBpin in these catalyzed borylations was confirmed by melting point, multinuclear NMR spectroscopy and GC-MS data. The structural analysis of this aminoboron compound was carried out by an X-ray diffraction study (Fig. 2) and crystallographic data presented in Table 2 . The B-O bond distances of 1.3690(16) and 1.3705 (16) Å are typical for those observed in other Bpin structures where the boron is three coordinate [13] . The molecule showed no appreciable intra-or intermolecular interaction between the Lewis acidic boron atom and the basic amine group. Such interactions may be responsible for observed antimicrobial properties in related diaminoboron compounds [6f].
Results and Discussion
These borylation reactions are believed to proceed via initial reduction of the palladium(II) salt, by the borane, to an active palladium(0) species [1] . Once reduced, oxidative addition of the aryl halide followed by transmetallation of the borane with the Pd-X moiety gives a palladium boryl (Pd-B(OR) 2 ) intermediate, which must isomerize before reductive elimination can give the desired aryl boronate ester product (Scheme 1). It has also been postulated that once the palladium(0) species is present, oxidative addition of the dialkoxyborane species occurs first to give a reactive palladium hydrido boryl intermediate. This transient species can rapidly go through a transmetallation of the aryl halide, followed by isomerization and reductive elimination to give the desired product. While yields are moderate for reactions using the palladium-phosphinous acid complexes, excess HBpin is required to facilitate this reaction. This is presumably due to HBpin reacting with the polar P-OH groups. Indeed, we have found that stoichiometric addition of HBpin to these compounds led to extensive degradation of the borane to give H 2 and pinBOBpin [14] . Further work is needed, however, to elucidate the fate of the palladium complexes in these reactions. As deleterious reaction of the HBpin with the phosphinous acid groups led to degradation of the borane and catalyst, we decided to examine the analogous reactions using the structurally related phosphine chloride complexes. Remarkably, we found that reactions using [(t-Bu) 2 PCl] 2 PdCl 2 (abbreviated PXPd, Fig. 1d ) gave near quantitative conversion of 2-iodoaniline to 2-APBpin (entries 1 & 2) without significant decomposition of either the catalyst or the dialkoxyborane. Reactions run in toluene gave slightly greater yields than those reactions run in dioxane. Unfortunately, significantly lower yields of the desired product were obtained in reactions run in THF (entry 9) or those using the dimeric complex {[(t-Bu) 2 PCl]PdCl} 2 (abbreviated PxPd2, entry 3). Interestingly, reactions with the bulky DCPB/Pd(OAc) 2 system (entry 7), also gave low yields and attempts to use a phosphine free catalyst system (Pd(OAc) 2 ) afforded none of the desired products (entry 10). Not surprisingly, attempts to catalyze this reaction using other metal complexes, such as Ni(OAc) 2 and RhCl(PPh 3 ) 3 , proved unsuccessful (entries 11 & 12, respectively).
Encouraged by these results, we then decided to investigate the borylation of other iodoaniline derivatives (Table 3) . Reactions using 3 equivalents of HBpin and the PXPd precatalyst in toluene gave good to excellent yields of the desired boronate ester compounds. Reactions of bulky ortho iodoanilines (entries 4 & 7) gave lower yields than their meta and para counterparts presumably due to the increased steric bulk in these systems. Substitution on the benzyl group did not have a significant effect on yields. While similar yields were obtained with the analogous bromides, we did not observe any significant product formation for reactions with the corresponding chlorides. Benzylamines containing boron groups have been examined recently for potential antifungal properties [9] .
We then examined the borylation of commerciallyavailable aniline derivatives containing electronwithdrawing trifluoromethyl groups. The generation of the corresponding boronate ester compounds has been of recent interest in the preparation of MRI probes [15] , electroactive luminophores [16] , and in the preparation of pharmaceutically relevant dihydroquinolones [17] . As shown in Scheme 2, yields of isolated product are moderate if the bromide is ortho to the amine group, where the position of the CF 3 has little effect. Yields are much lower, however, if the bromide group is para to the amine where the lowest yield was found in the case where the CF 3 is ortho to the leaving group. Attempts to improve yields using other metal complexes proved unsuccessful.
Conclusions
In summary, we have shown that PXPd can be used to effectively catalyze the borylation of various aniline derivatives with excess pinacolborane to give the corresponding boron containing aniline derivatives. Although other Pd/phosphinous acid complexes could be used to catalyze this transformation, reactions with PXPd gave the best yields and less decomposition of the starting borane. No additional phosphine is needed to facilitate these reactions. Future work in this area will be to examine the analogous reactions using diboron sources in an effort to improve atom economy, the results of which will be published in due course. Catalysts, Inc.) for the most generous gift of palladium catalysts and anonymous reviewers for helpful comments. 
